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SYNTHESIS  AND  CHARACTERIZATION  OF 
POLY(ORGANOPHOSPHAZENE) 
INTERPENETRATING  POLYMER  NETWORKS 


K.  B.  >^ssclier,  I.  Manners,  and  H.  R.  Allcock*. 

Department  crfChemistiy 

The  Pennsylvania  Stale  University 

University  Paik,  PA  16802 

(814)  865-U13  Fax:  (814)  865-3314 


Abstract: 

Polyplioq)hazaies  are  a  broad,  novel  class  cf  inorganic-organic  macranolecules  with 
the  general  focmula  fNPR?lii.  The  physical  properties  of  poly^x>^liazenes  can  be  understood 
in  terms  of  a  highly  flexible  backbone,  widi  various  physical  or  dremical  characteristics  tailored 
by  the  incorporaticHi  of  specific  side  groups.  As  part  of  this  program  to  synthesize  new 
matoials  with  hybrid  macrcmiolecular  prcq>erties,  the  syntiiesis  and  characterization  of  several 
IPNs  containing  the  phosphazene  polymers  poly[bis(2-(2-methoxyethoxy)ethoxy) 
phoqrhazene]  and  poly[bis(prppyl  oxybenzoate)pho8phazene]  with  several  organic  polymers 
including  polystyrene,  poly(methyl  methacrylate),  polyacrylonitrile  and  poly(acrylic  acid)  is 
rqpmted. 


IntroductioD. 


Most  iatepenetfating  pdymer  networics  (IPNs)  are  pgqwued  using  organic  polymers, 
the  exceptioii  of  polysUoxanes  (IdS)>  litde  woric  has  been  published  describing  die 
^ndieses  of  IPNs  from  inocgamc-ocgankpcdymers.  loosganic-oeganic  pcdymers  genendly 
have  a  hi^  tfaermo-oaddative  stability  ooqded  widi  unusual  combinations  of  propenies  that 
dqioidtxi  the  side  groups  attached  to  die  bacldxme.  Some  common  examines  of  inorganic- 
organic  ptdymers  include  pdysilanes,  ptdysiloxanes  and  polyphosphazenes,  depicted  in 
Schemel^.  The  syndiesis  and  characterizatkMitrf  some  of  dm  first  inteqienetrating  polymer 
networics  (IFN)  containing  polyCorganophosiduzenes)  widi  organic  pcdymers  are  described  in 
this  paper  (11^11). 


Scheme  1  near  here. 

Poly(organoidiosidiazenes)  ate  a  unique  class  cf  inorganic-organic  polymers  widi 
ahemating  pho^hocous  and  nitrogen  atoms  in  the  backbone  and  two  organic,  inorganic  or 
organometallic  side  groups  attadmd  to  each  phosphorous  (12-16).  Their  physical  properties 
and  plications  can  be  tailored  by  dm  chokm  of  dm  organic  side  group  attached  to  the 
backbone.  Duetodusuniqueability  to  tone  their  prprties  and  plications  by  the  choice  of 
side  groups,  potyphosfdiazenes  are  an  excellent  dance  for  dm  preparaticm  of  n^s .  Table  1 
lists  some  advantages  of  the  pcdyphoqihazam  system. 


Table  1  near  here. 

Polyphosfhazenes  are  usually  ncm-buming  materials  and  may  be  hi^y  flame  retardant 
This  is  due  to  dm  fact  diat  ihosphorous  in  its  highest  valency  state  can  intnfere  with  the 
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combustion  pitiiway.  A  condniatioo  of  {rtimqriioroos  and  mtrogcn  crfkra  yieUs  coo^ounls 
witfaenlumcedflanKretBdantpiopesties.  Secondly. some polypho^rfiazenes  possessaM^ 
d^reeofstrfvent-iDd-oilresistanoe.  This  makes  then  valuable  niaterials  for  naany  industrial 
aiiplicationssudi  as  Orings.  gaskets  and  fiid  lines.  Another  advantage  of  die  polyphosphazene 
sysiemisdiatmanyofdieseniaierialshavealrig^d^gBeofbiocompatahility.  This  property 
dqiendsontiie  side  grewq)  structure,  with  flnoroalkoxyi^io^hazenes  bring  of  particular 
interest  Some  p(^ldioq)harenes  possess  hig^  flenlnlity  and  low  glass  transition 
temperatures  (Tg).  This  dunacteiistic  makes  many  pho^hazene  polymers  useful  as  low 
temperature  elastomers  and  flexiMe  thermoplastics,  ftobably  die  biggest  advantage  of  die 
pcAypho^hazene  system  is  the  ease  widi  which  the  polymeric  molecular  structure  mi^  be  tuned 
to  afford  djflferent  properties  and  applications.  This  nxrfecular  tuning  is  accooqilishedl^  the 
linkage  of  dififotent  side  groups  to  the  p(^merbacld)one(12dlD>  IPNs  with  combinations  of 
ptdyforganoidioqdiazenes)  and  other  polymers  would  combine  the  advantages  of 
|xdyphoq;)ha2snes  widi  those  (rf  die  other  systems. 

PtdyCorganophoqiliazenes)  are  prepared  by  the  route  summarized  in  Scheme  2. 
Commercial^  availaMehexadilorDcyclotriphoq)hazaie(l)  undergoes  a  thennal  ring  opening 
pdymerizadon  at  250  **€  to  form  polyCdichloroidio^hazaie)  (2),  a  long-diain  polymer  with 
15,000  or  more  repeating  units.  PcdyCdichlottqdioqduaene)  is  hydrolytically  sensitive,  but  the 
system  may  be  statrilized  against  hydnAyris  diroo^  halogoi  rqilaceooent  reactions  using  a  wide 
variety  of  nuckophiles,  including  sodium  alkoxides  and  ary  loxides  or  primary  and  secondary 
amines.  These  substitutkm  reactions  have  yielded  a  large  number  of  staUe 
pdyCorganophosphazene)  derivatives,  die  propertim  and  applications  of  which  depend  on  the 
side  ponp  structure  (17-191. 


Scheme  2  near  here 
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Quart  1  shows  euiiq>les  of  {rtiosphazaie  pcdymcrs  widi  different  side  groups.  The 
first,  poly(his(p-09cybenzoic  acid)  phoqihazene]  (3)  is  water  sduUe  as  its  sodium  salt,  and  can 
be  iooically  cross-finked  using  caldum  or  odierdi  or  lumber  valent  catkn  salts  (213b22)-  The 
second  exan9lB,poty[bis((3-aimnoprep^)peatamBdiyldisQoxane)|rfioqrfiazene]  (4)  contains 
silicon  atoms  within  die  side  groiqis  and  possesses  dastomeric  properties  C23}-  Poly[bis(2-(2- 
medioocy  etiun^)  etiioKy)idioqduunie]  (5)  is  water  scduble.  It  is  also  an  excellent  solid  solvent 
for  salts  such  as  fidtium  triflooromedianesulfonate,  and  is  being  developed  as  a  solid  electrolyte 
material  (24-281.  Finally,  when  tcansamuilarfonooenylgroiqis  are  attached  to  the  polymer 
backbone,  as  seal  in  polymer  d,  die  system  is  electroactive  and  nuty  be  used  as  an  electrode 
mediator  material  (22)« 


Quft  1  near  here. 

Some  common  qtpficatkmsforptdyCofganqdio^hazenes)  include  O-rings  which  are 
flexible  at  low  temperature  and  have  a  hi^  solvent-and-oil  resistance;  oil  seal  gaskets;  fuel  lines; 
shodc  absorber  components  widi  a  high  level  of  vibratkxud  energy  absorption;  and  finally 
carburetor  and  fiiel  injector  conyonents.  As  mentioned  previously,  polyjdiosphazenes  are  an 
excellent  choioe  for  diese  types  of  implications  because  ai  dieir  non-buming  characteristics,  high 
flame  retardancy,  hi^  levels  of  bodi  solvent-and-oil  resistance,  and  hi^  degree  of  materials 
flexibifity. 

Specific  derivatives  ae  also  being  devekped  for  uses  in  the  field  of  buMnedicine. 

Hgure  1  shows  an  exanple  of  a  ptdyidiophazene/OTganic  polymer  IPN  which  is  available 
commercially  as  a  riiock-absotfaing  denture  liner.  Poiy(organophosphazenes)  are  enployed  for 
dental  and  oral  surgical  ^plications  because  of  their  high  degree  of  fungal  resistance  OO-BBV 
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Hgure  1  near  here. 


Syntheses  of  PolyCorsanophosphnxenes). 

The  phospharene  polymers  used  in  this  IPN  study  were  synifaesized  as  described  in 
SdiemeS.  PolyiiierSwasi»q>aredbyal]owmgpdy(dichlcrophoaphazene)(2)tDreact  with 
die  sodium  salt  of  2-^-mediaxyedioxy)ediaiid.  The  product  pdymer  is  poly[bis(2-(2-iiiedioxy 
edioxy)ethoKy)pfao^ha2eiie]  (MEEP)  (5).  MEEP  is  an  unusual,  hydroidiilic  pho^hazene 
polymer,  which  is  stdubk  in  bodi  water  and  oiganic  solvents  and  has  aTg  -84  X  (24-25). 

Pcdymer  7  was  prepared  1^  allowing  ptdyCdichlorophoqihazene)  (2)  to  react  with  the  sodium 
salt  of  prop^  p-hydraxybenzoaie.  This  synthesis  yidds  p(4y[bis(pn^l  p-oxy 
benzoate^iho^hazeiie]  (POBP)  (7)  a  hydrofriiolnc,  dastomexic  polymer  with  at  Tg  dT  -23  **C. 
This  pt^mer  is  scduble  in  many  organic  solvoits  (21). 


Scheme  3  near  here. 


Bodi  the  POBP  (7)  and  MEEP  (5)  undergo  crosslinking  when  exposed  to  y- 
radiatiop  (24-25).  Scheme  4  shows  a  mechanism  pwyosed  for  die  cross-linldngt^MEEP 
during  oqiosure  to  ^<^y-rBdiatioa(M)>  RadiadcmprobaUy  generates  radicals  on  any  of  die 
five  caitxn  atoms  in  die  MEEP  side  duuns.  Trans-coodnnadon  of  diese  radicals  would  form 
cross-links.  Solid,  uncross-linked  MEEP  has  little  resistance  to  viscous  flow.  However,  after 
cross-linking,  MEEP  has  an  increased  structural  integrity  and  swells,  without  dissolving,  in 
water  or  organic  sdvrats.  Hgure  2  shows  a  sanqile  of  MEEP  after  cross-linking  and  after  the 
swelUngttf  a  cross-linked  pordcm  in  water  for  several  hours.  Cross-linked  MEEP  is  capable  of 
swelling  to  over  ten  times  its  original  volume. 
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Scheme  4  near  hoe. 


Figure  2  near  here. 


Synthesis  of  IPNs. 

In  ncnnal  sequential  IPN  laqMuatkjn,  a  noonomer  is  first  pcdymerized  and  crossUnked 
using  either  diexmal  oriadiatkm  techniques,  to  fbnn  a  cross-Unlced  polymer  matrix  (3S-3g). 
This  cross-linkBd  matrix  is  thm  allowed  to  imbibe  a  second  monomer,  a  pdymetization 
initiatnr,aiidacross-linkBr  to  form  a  mooomer-swr^en,  cross-linked  pr^ymer  matrix.  The 
second  monomer  is  then  prdymerized  and  cross-linlced  widun  die  matrix  of  the  first  to  form  die 
This  general  procedure  for  die  preparation  of  a  sequential  IPN  is  shown  in  Scheme  5. 


Scheme  5  near  here. 


In  all  die  IFN  syndieses  described  here,  a  prefioimed  pho^duotene  polymer,  either 
MEEP(5)or  POBP(7),  was  used  as  the  initiai  cross-linked  prdymer  system.  The  organic 
pcdymers  prqMued  widun  die  polypho^hazene  matrix  include  prdystyrene  (PS)  (8), 
pcdyfmetfayl  mediaciylate)  (PMMA)  (9),  pcdyacrylonitrile  (PAN)  (10),  and  ptdyCacrylic  acid) 
(PAA)  (11).  The  structures  of  die  cooqxMient  materials  are  dqricted  in  Chart  2. 


Chart  2  near  here. 

These  organic  pcdymers  were  chosoi  because  they  represait  a  cross  section  of  common 
macromolecules.  In  addition,  their  ease  of  polymerization,  using  thermal  methods,  for  PS  and 
FMMA,  and  by  eiqiosore  to  Y-radiation,  for  PAN  and  PAA,  made  them  an  attractive 

choice. 
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Scheme  6  near  here. 


Polypho^hazme/bcganic  polymer  IPNs  were  prepared  as  summarized  in  Schenw  6. 
The  pcdymerizedpolyphoq)ha2eiie  was  exposed  to  ^t^Y-radiatkm  to  fonn  a  cross-linked 
polymer  matrix  (M).  The  cross-finked  tnatzix  was  then  allowed  to  swell  in  a  mixture  of  the 
organic  monomer,  azobiasobotyronitrik  (AIBN)  initiator,  and  ethylene  glycol  dimediaciylatB 
aoss-linker,  until  the  swollen  matrix  had  increased  iqiproximately  ten  times  in  volume.  The 
imbibed  organic  monomer  was  dien  ptdymerized  and  cross-linked  within  the  polyfdiosphazene 
nutoix  using  either  themial  techniques  (PS  andPMMA)orby  exposure  to  additional 
radiation  (PAN  andPAA). 

The  objective  was  to  incoqMtaie  the  maxiinnm  amount  of  organic  ptdymer  into  the 
cross-linked  poly(ofganophoqriiazene)  matrix.  The  ratio  of  components  widiin  die  IPN  syston 
was  estimated  using  iHNMRqiectroacopy,  and  the  values  are  depicted  in  Table  2.  Theratios 
ranged  fiRxn  a  1:1  ratio  ofptdyphoqihazene  polymer  to  organic  polymer  in  the  MEEP /PS  IPN 
to  a  4.5:1  ratio  of  polyphosphazene  to  organic  polymer  in  the  IPN  ctmtaining  POBP  /PAN. 


Table  2  near  here. 

Once  prepared,  die  IPNs  were  purified  and  dien  characterized  using  conventional 
methods,  including  and  ^ip  NMR  spectroscopy,  FT-IR  spectrosct^y,  differential  scanning 

calorimetry  (DSQ  and  transmission  electron  micioscopy  (TEM)  (22:2fi)*  ^Hand^iPNMR 

spectrosa^  and  FT-IR  spectroscopy .  FT-IR  ami  NMR  analyses  are  useful  mainly  to 
confirm  die  presence  of  both  macromdecular  constituents  in  die  IPN  systems,  and  to  monitor 
the  polymerization  of  the  organic  nxmomer  by  following  die  loss  of  vinyl  protons. 
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Characterization. 


DSC  is  an  cxoeltottttBdimque  far  examming  the  miscibility  of  the  oCTBponents  within  an 
IFN  system  and  far  probing  the  intermolecular  interactions  that  may  exist  between  the 
coaqxmentpofymers.  This  may  be  accoo^lished  by  cm^aring  the  Tg  values  of  the  IFN 
system  widi  diose  its  conqxnent  macromolecules.  The  diylacement  of  die  values  of  the  IPN 
TgS  from  diose  the  coniQiooent  materiab  gives  a  graeral  indication  of  both  the  degree  of 

miscibilily  within  the  sample,  and  of  interactions  whidh  may  take  place  between  die  conqxxient 
materials  (35-36^.  The  IPN  Tg  values  and  diose  far  die  c(»q)onent  materials  are  listed  in  Table 
3. 


Table  3  near  here. 

For  exanqile,  an  IPN  containing  MEEP  and  polystyrene  with  glass  transition 
temperatures  at  -70  and +57  X,  can  be  omnpared  to  die  Tg's  of  the  parent  componoit  materials 
whichoccurat  -84°C(MEEP)and+100*’C(PS).  This di^lacement of  15 and 40 ’’C shows 
diat  a  good  degree  of  miscibili^  exists  within  the  system  and  that  strcxig  intermcdecular 
interactkms  probably  exist  between  the  compcximt  materials. 

In  a  seccmd  exanqile,  an  IPN  containing  MEEP  and  I^fMA  has  Tg’s  at -80  and +1 12 
‘‘C.  These  values  may  be  cooqiared  to  diose  (rf  die  conqxment  materials  far  which  transition 
tenqxsratures  are  at  -84  *’C  (MEEP)  and  +105  *’C  (p(dy(mediyl  mediaciylate)).  Because  the  IPN 
Tg'sare  di^laced5  "C  fitnn  those  of  die  compcment  materials,  it  spears  that  only  a  low  <fagree 
of  inter-component  interactimis  exist  within  this  systeoL 
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Rnally,  a  single  glass  tiansitiaa  temperature  semi  in  a  DSC  tfaennogram  indicates  a  hig|t 
degree  of  miscibility  within  die  IPN  system  and  a  high  (^ree  of  intomolecular  interactions 
between  the  component  macromolecoles.  Two  (tf  the  polypho^harene/organic  polymer  IPNs 
studied  ccmtain  a  single  Tg.  MEEP/PAN  and  POBP/PAA  showed  single  Tg's  at  4-34  and  +54 
reflectively.  These  materials  fiparendyenjt^  a  hi^d^ree  of  miscibility  and  presumably 
a  high  d^ree  of  intetmokcular  interaction. 

Scheme  7  near  here. 

Scheme  7  shows  a  representation  of  intermolecular  interactions  diat  might  exist  between 
a  phofihazoie  ptdymer  and  an  organic  polymer  within  an  IPN  system.  These  interactions 
include  hydrogen  bonding,  dipole-dqiole  interactions,  and  van  der  Waals  forces.  The 
interactions  are  shown  in  more  detail  in  Scheme  8. 

Scheme  8  near  here. 

For  example,  a  MEEP  side  group  could  undergo  hydrogen  bonding  with  the  side  unit  of  PAA 
through  the  edieric  oxygen  of  die  MEEP  and  the  acidic  proton  of  die  acrylic  acid  side  group. 
MEEP  could  also  undergo  dipde-dipole  interacticms  with  PAN  as  dqiicted  in  Scheme  8. 
finally,  any  poly(organoidiof>hazene)  could,  in  principle,  undergo  van  der  Waals  interacticxis 
widi  any  organic  pdymer.  A  good  exanqile  is  POBP  and  PS . 

Each  p(dy(otgan<f)hosphazene)  and  organic  polymer  cmnbination  is  capable  of 
undergdng  one  or  more  type  of  diese  different  intermolecular  interactions,  as  listed  in  Table  4. 
MEEP  is  a  hydrogen  bond  acceptor  and  is  capable  of  undergoing  dipole-dipole  interactirais. 
POBP  is  also  a  hydrogen  bond  acceptor  and  possesses  hydrophobic  qualities.  Polystyrene  is  a 
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hydrophobic  material  and  may  undergo  van  derWaals  interactioitt  while  PMMA  is  a  hydrogen 
bond  acceptor  and  undogoes  dipote-dipole  interacdons.  PAN  undergoes  dipole-dipole 
interactions  while  PAA  is  a  hydrogen  btmd  donor  and  also  esqietienoes  dipole-dipole 
interactkms.  It  is  inqwrtant  to  realise  diat  these  intemxdecularinteractians  could  increase  the 
miscibili^  of  dw  EPN  oonqKnents  by  binding  the  cooqxmentpdymers  into  ao^ierent  material. 
However,  even  when  favorable  interoKdecular  interactions  are  built  into  the  system,  it  may  be 
impossible  to  predict  the  final  miscibility  of  the  IFN  and  whetiier  or  not  these  interactions  will 
influence  that  miscibility  f37-40V 

Table  4  near  here. 

The  following  are  specific  descriptions  of  typical  polyphosphazene/organic  polymer 
IPNs.  In  the  first  e»uiq>le,  an  IPN  attaining  MEEP  and  PAN  is  an  amber,  transparent,  hard 
material  that  swdls  only  slightly  in  water.  This  limited  swdling  bdiavior  could  be  due  to 
intemxtiecular  interactions  such  as  dipole^pole  interactirais  between  die  compment  materials 
or  to  the  degree  of  cross-linldng  within  the  system.  Its  DSC  thermogram,  shown  in  Figure  3 
ccHitains  a  single,  broad  glass  transition  at  +34  This  indicates  diat  a  high  degree  of 
miscibility  eidsts  within  the  system  and  there  are  favorable  intermolecular  intraactions  between 
the  conqxment  polymers.  The  high  degree  miscibility  is  reflected  in  the  TEM  micrograph 
shown  in  Figure  4.  It  shows  a  widely  dispersed,  almost  web-like  stracture  of  the  lightly 
colored  raganic  polymer  throughout  die  darker  phosphazene  matrix.  It  is  interesting  that,  due 
to  the  relativdy  high  electron  density  of  the  polyplKisphazene  pho^horous-nitiogen  backbone, 
no  staining  of  the  san^le  was  required  when  preparing  TEM  micrographs  of 
poly(organ<^hosphazenes). 

Figure  3  here. 
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Figure  4  hoe. 


A  second  example,  is  an  IPN  ccmtaining  POBP  and  PS.  This  system  forms  a  tough, 
<q»que,  ^diiie,  elastooieiic  material  which  swells  in  organic  solvents.  Its  DSC  thermogram, 
dqncted  in  Figure  5,  shows  two  Tg's  at +14  and  4^*^.  These  values  are  each  displaced 
from  those  of  the  component  materials  by  approximately  10  Therefore  this  system  tqtpears 
to  be  less  miscible  than  die  previous  exanqtle.  The  lower  degree  of  miscibility  is  also  reflected 
in  its  TEM  miciogn^h  shown  in  Figure  6.  Here  definite  domains  of  the  li^dy  colored  organic 
pdymer  are  evident  dispersed  throughout  the  daiker  cokned  ptdyphosphazene  system. 

Figure  5  here. 

Figure  6  here. 

Anodierexan9le,isanIPNcoa^K>sedofMEEPandPMMA.  This  IPN  is  a  tough, 
opaque,  white,  elastomeric  material  which  swells  to  a  high  degree  in  organic  solvents.  Its  DSC 
diermogram  also  shows  two  Tg's  which  occur  at  -80  and  +1 12  Both  values  are  displaced 

only  S  from  the  component  materials  vriioseTg  values  occur  at -84 ’’CCMEEP)  and +105  X 

(PMMA).  This  small  displacement  indicates  a  very  low  degree  miscibiliQr  within  the  system 
and  probaUy  reflects  die  poor  intenncdecular  interactimis  between  the  comptment  materials. 

Ibe  low  miscibility  of  die  system  is  also  evident  focnn  die  TEM  microgr^h  shown  in  Figure  7. 
Large  drauuns  of  both  die  poly(oiganophosphazene)  and  the  organic  polymer  throughout  the 
IFN  system  are  cleariy  evident 

Hgure  7  here. 
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A  founli  exan^le,  is  an  IFN  conqxMcd  of  POBP  and  PMMA.  This  material  is  claque 
with  a  sli^  golden  hue.  It  is  also  elastomeric  and  swells  in  organic  solvents.  Its  DSC 
thermogram  shows  two  Tg's  at  +14  and  +50  These  values  are  di^laced  approximately  IS 
and  50  Xfitom  those  trfdieircooqwnent  polymers  which  occur  at  -23*^(POBP)  and +105 
*^(IMMA).  The  larger  degree  ofdi^lacement  indicares  that  this  system  is  more  miscible  dian 
the  pieviotts  rare.  The  increased  miscibility  is  also  obvious  firom  the  TEM  micrograph,  shown 
in  Figure  8,  where  a  definite  domain  structure  is  evident  of  the  lightly  ctdored  organic  polymer 
throughout  the  polyphosphazene  matrix. 

Figure  8  near  here. 

The  final  exanq)le  is  an  IFN  containing  POBP  and  PAA,  a  tran^Moent,  hard  material 
which  swells  only  slighdy  in  organic  srdvents.  The  limited  swdling  behavior  could  reflect 
hydrogen  bonding  between  the  POBP  and  die  acrylic  acid  side  groups.  This  system  shows  a 
single  Tg  at  +54  X  in  its  DSC  thermogram  which  indicates  a  high  degree  miscibility  and 
good  intenmokcular  interactions  widiin  the  material.  This  behavior  is  also  reflected  in  the  TEM 
micrognqdi  (Hgure  9)  which  shows  a  domain  structure  of  the  lightly  colored  organic  polymer 
bordered  by  an  almost  web-like  structure  of  the  phosphazene  polymer. 

Hgure  9  near  here. 


Conclusion. 

The  synthesis  and  characterization  of  novel  inreix>enetrating  polymer  networks 
corr^iosed  of  poly(orgaiK^hosphazenes)  and  a  selected  series  of  organic  polymers  has  been 
accomplished.  Additionally,  DSC  and  TEM  methods  were  used  to  investigate  miscibility  and 
phase  structure  in  the  new  materials.  When  die  miscibility  is  low,  these  IPNs  show  properties 
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siliiilar  to  diose  of  didr  cooqxMient  polymen  but  exhibit  hybrid  ixoperties  \(iien  the  coo^^ 
are  highly  miscible.  Intetmolecukir  interactions  sudi  as  hydrogen  bonding,  dipole-dipole 
inteiactioos  or  van  der  Waals  forces  between  the  macromolecular  cofx^wnents  could  enhance 
miscifaili^  widun  an  im<T  system.  These  phoq;>hazene  containing  IPNs  are  the  fint  memben  of 
new  classes  of  muld-ooo^xximt  polymeric  materials  which  may  possess  unique  technological 
and  biomedical  properties. 

Future  work  in  die  area  of  pdyphos[diazene/organic  or  inorganic  polymer  IPNs  includes 
the  preparation  oi  ion  specific  pdyfofganqphosphazeneVorganic  polymer  IPNs  \riiich  may  be 
used  as  ioiic  filters  or  km  exchange  media.  These  types  of  materials  could  be  used  for  bodi 
environmmtal  and  bioonedical  triplications.  ThesyndiesisandchaiacterizatiQnofIPNs 
amqiosed  of  polyfoiganoidio^hazenes)  and  polysiloxanes  is  also  being  investigated. 
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Scheme  1. 


Organic  Polymers 
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Table  1. _ 

Adyanfages  of  Polyphosphazenes 
as  IPN  Components 

*  Non-Btiniing  and  Flame  Retardant 

*  Solvent  and  Oil  Resistance 

*  Biomedical  Compatibility 

*  Materials  FlexibiliQr  (Low  Tg) 

*  Ease  of  Tuning  Molecular  Structure 


Scheme  2.  General  Synthesis  of  Poly(organophosphazenes 


gurc  1.  Poly(organophosphazene)  shock  absorbing  denture 
liner.  (Reprinted  courtesy  of  Dr.  L.  Gettlenian)(2iD 


Chart  1.  Examples  of  Poly(organophosphazenes) 


Water  Soluble  as  Sodium  Salt, 
Cross-linkable  by  Ca^*^  Ions 


NH(CH2)3Si(CH3)20Si(CH3)3 
-N=P - 


NH(CH2)3Si(CH3)20Si(CH3)3 

4 


Jn 


Elastomer 


■N=P- 


c)ch2CH20CH2c:h20CH3 


0CH2CH2OCH2CH2OCH3 

5 


Jn 


Water-Soluble, 
Solid  Electrolyte 


Electroactive  Material 


6 


Scheme  3.  Synthesis  of  Poly(organophosphazenes) 

Used  in  This  Work 


POBP 


Scheme  4.  Crosslinking  of  Poly(organophosphazenes)  by  ^^Co  y-Radiation 


CM  CN  CM  fN 
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I  0.6-6-0-5-5-0-5 


U-O-U-U-O-U-U-O-q* 


Scheme  5.  Schematic  Representation  of  IPN  Preparation 


Mj+Ii+Xi 
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EP  after  cross-linking  and  after  swelling  in  water 
several  hours.  (Reprinted  courtesy  of 
H.  R.  Allcock)(12) 


Chart  2.  IPN  Component  Polymers 


Poly(organophosphazenes) 


MEEP  (5)  POBP  (7) 


Organic  Polymers 


Polystyrene  (PS)  (8)  Poly(methyl  methacrylate)  (PMMA)  (9) 


Polyacrylonitrile  (PAN)  (10)  Poly(acrylic  acid)  (PAA)  (11) 


Table  2.  OPN  Component  Ratios* 


MEEP/PS  (5/8) 

1:1 

MEEP/PMMA  (5/9) 

3:1 

MEEP/PAN  (5/10) 

1:1 

MEEP/PAA  (5A1) 

1:1 

POBP/PS  (7/8) 

2J:1 

POBP/PMMA(7/9) 

1^:1 

POBP/PAN  (7/10) 

4.5:1 

POBP/PAA  (7A1) 

2:1 

a:  Based  on  NMR  integration 


Table  3.  DSC  Data  and  Tg*s  of  Individual  Component  Polymers 


IPN 

MEEP/PS  (5/8) 

-701+57 

MEEP/PMMA  (5/9) 

-80/+112 

MEEP/PAN  (5/10) 

+34 

MEEP/PAA  (5A1) 

-41/+3.5 

POBP/PS  (7/8) 

-14/+92 

POBP/PMMA(7/9) 

-14/+50 

POBP/PAN  (7/10) 

-9/+51 

POBP/PAA  (7/11) 

+54 

a:  Component  Polymer  Tg's:  MEEP(5)=  • 

PS(8)  =100°C 
PAN(10)*106 

84°C;POBP(7)=  -23  °C; 
PMMA(9)=105°C; 

°C;  PAA(11)  =  85°C 

Scheme  7.  Schematic  Dlustration  of 


Organic  Polymer 


Sdicme  8.  Possible  Molecular  Lerel  Interactions 


Poljphosphaaene 

Organic  Polymer 

Hydrogen  Bonding 

• 

1 

• 

1 

• 

1 

—  HOOC— — 

Dipole-Dipole 

i>o - 

1 

ir 

. —  N  8- 

1 

5  ^CH2  *” 
^CH, 

▼an  der  Waals  Interaction 

— O— f  ^COPr 

OI 

DSC  Thermogram  of  MEEP(5)/PAN(10)  IPN. 


Table  4.  Participating  Side  Groups  and  Possible  Interactions 


Polyphosphazene 

— OCH2CH2OCH2CH2OCH3  (5) 

H-Bond  Acceptor 
Dipole-Dipole 

— 0-/~~^C00Pr  (7) 

H-Bond  Acceptor 
Hydrophobic 

Organic  Polymer 

Hydrophobic 

— COOMe  (9) 

H-Bond  Acceptor 
Dipole-Dipole 

— C=N  (10) 

Dipole-Dipole 

— COOH  (11) 

H-Bond  Donor 
Dipole-Dipole 

Figure  4.  TEM  Micrograph  of  MEEP(5)/PAN(10)  IPN. 


10.  A 


(Mm)  Aiou  l«»H 


Figure  7.  TEM  Micrograph  of  MEEP(5)/PMMA(9)  IPN. 


Figure  8.  TEM  Micrograph  of  POBP(7)/PMMA(9)  IPN. 


Figure  9.  TEM  Micrograph  of  POBP(7)/PAA(ll)  IPN, 


Office  of  Naval  Research  (1)* 

Chemistry  Division,  Code  313 
800  North  Quincy  Street 
Arlington,  Virginia  22217-5000 


Defense  Technicai  Information 
Center  (2) 

Building  5,  Cameron  Station 
Alexandria,  VA  22314 


Dr.  James  S.  Murday  (1) 

Chemistry  Division,  Code  6100 
Naval  Research  Laboratory 
Washington,  D.C.  20375-5000 


Dr.  Robert  Green,  Director  (1) 
Chemistry  Division,  Code  385 
Naval  Air  Weapons  Center 
Weapons  Division 
China  Lake,  CA  93555-6001 


Dr.  Bek  Lindner  (1) 

Naval  Command,  Control  and 
Ocean  Surveillance  Center 
RDT&E  Division 
San  Diego,  CA  92152-5000 


Dr.  Richard  W.  Drisko  (1) 
Naval  Civil  Engineering 
Laboratory 
Code  L52 

Port  Hueneme,  CA  93043 


Dr.  Harold  H.  Singerman  (1) 
Naval  Surface  Warfare  Center 
Carderock  Division  Detachment 
Annapolis,  MD  21402-1198 


Dr.  Eugene  C.  Rscher  (1) 
Code  2840 

Naval  Surface  Warfare  Center 
Carderock  Division  Detachment 
Annapolis,  MD  21402-1198 


Dr.  Bernard  E.  Douda  (1) 
Crane  Division 

Naval  Surface  Warfare  Center 
Crane,  Indiana  47522-5000 


Number  of  copies  to  forward 


DR.  HARRY  a  ALLCOCK 
DEPARTMENT  OF  CHEMISTRY 
PENNSYLVANIA  STATE  UNIV. 
UMVERSiTYPARKPA  16802 


DR  KURT  BAUM 
FLUOROCHEM.  INC. 

680  SOUTH  AYON  AVENUE 
AZUSA.  CA  91702 


Oa  ANDREW  a  BARRON 
DEPARTMENT  OF  CHEMISTRY 
HARVARD  UNIVERSITY 
CAMBRIDGE.  MA  02138 


Da  PRANK  D.  BLUM 
DEPARTMENT  OF  CHEMISTRY 
UNIVERSITY  OF  MISSOURI  -  ROLLA 
ROLLA.MO  65401 


Oa  ALEXANDER  S.  BLUMSTEIN 
DEPARTMENT  OF  CHEMISTRY 
UNIVERSRY  OF  MASSACHUSETTS 
LOWELL.  MA  01854 


Da  LEONARD  J.  BUCKLEY 
AIRCRAFT  DIVISION.  CODE  6064 
NAVAL  AIR  WARFARE  CENTER 
P.O.  BOX  5152 

WARMINSTER  PA  18974-0591 


PROF.  TOBY  M.  CHAPMAN 
DEPARTMENT  OF  CHEMISTRY 
UNIVERSITY  OF  PITTSBURGH 
PITTSBURGH  PA  15261 


Da  ROBERT  E  COHEN 
DEPARTMENT  OF  CHEMICAL  ENGINEERING 
MASSACHUSETTS  INSTITUTE  OF  TECHNOLOGY 
CAMBRIDGE  MA  02139 


PROF.  JOSEPH  M.  DESIMONE 
DEPARTMENT  OF  CHEMISTRY 
THE  UNIVERSITY  OF  NORTH 
CAROLINA  AT  CHAPEL  HILL 
CHAPEL  HILL,  NC  27S89G290 


Da  RANDOLPH  S.  DURAN 
DEPARTMENT  OF  CHEMISTRY 
UNIVERSITY  OF  FLORIDA 
GAINESVILLE  FL  32611 


OR  CURTIS  W.  PRANK 

OEPARTlyiENT  OF  CHEMICAL  ENQiNEERlNQ 

STANFORD  UNIVERSnY 

STANFORD,  CA  94305 


Oa  JOSEPH  A.  QARDEUA 
DEPARTMENT  OF  CHEMISTRY 
UI«VERSrrY  OF  BUFFALO 
BUFFALO.  NY  14214 


DR.  ROBERT  K  QRUBBS 
DEPARTMENT  OF  CHEMISTRY 
CAUFORNIA  INST.  OFTECHNOL 
PASADENA.  CA  91124 


DR.  JAMES  F.  HAW 
DEPARTMENT  OF  CHEMISTRY 
TEXAS  A&M  UNIVERSITY 
COLLEGE  STATION.  TX  77843 


OR  HATSUO  ISHIDA 

DEPARTMENT  OF  MACROMOLECULAR  SCIENCES 
CASE  WESTERN  RESERVE  UNIV. 

CLEVELAND.  OH  44106 


DR  JEAN  M.  FRECHET 
DEPARTMENT  OF  CHEMISTRY 
CORNELL  UNIVERSITY 
ITHACA.  NY  14853 


DR  JAMES  a  GRIFFITH 
CODE  6120 

DEPARTMENT  OF  THE  NAVY 
NAVAL  RESEARCH  LABORATORY 
4555  OVERLOOK  AVENUE.  SW 
WASHINGTON,  DC  20375-5000 


DR  I.  L  HARRUNA 
DEPARTMENT  OF  CHEMISTRY 
MORRIS  BROWN  COLLEGE 
ATLANTA,  GA  30314 


DR  ALAN  J.  HEEGEH 
DEPARTMENT  OF  PHYSICS 
UNIV.  OF  CAUFORNIA 
SANTA  BARBARA.  CA  93106 


OR  RICHARD  B.  KANER 

DEPARTMENT  OF  CHEMISTRY  &  BIOCHEMISTRY 
UNIVERSITY  OF  CAUFORNIA,  LA 
LOS  ANGELES  CA 


oa  JOHN  F.  KEANA 
UMVERSITY  OF  OREGON 
EUGENE.  OR  97403 


PROF.  HILARY  a  LACKRtTZ 
OEPARTMBiT  OF  CHEMICAL  ENGINEERING 
PURDUE  UNIVERSnY 
WEST  LAFAYETTE  IN  49707 


OR.  GEOFFREY  UNOSAY 
CHEM8TRY  DIVISION  •  CODE  3858 
NAVAL  WEAPONS  CENTER 
CHINALAKE,CA  93S5S 


OR  ASLAMMAUK 
AEROJET  PROPULSION  DIVISION 
P.O.  BOX  13222 
SACRAMENTO  CA  95813-6000 


DR  KRZYSZTOF  MATYJASZEWSKI 
DEPARTMENT  OF  CHEMISTRY 
CARNEGIE-MELLON  UNIVERSITY 
prrrsBURGH,  PA  15213 


DR  JEFFREY  T.  KOBERSTEIN 
INSTmJTE  OF  MATERIALS  SCIENCE 
UNIVERSITY  OF  CONNECTICUT 
STORRS,  CT  06268 


PROF.  RICHARD  M.  LAINE 
DEPT.  OF  MATERIALS  SQENCE 
AND  ENGINEERING 
THE  UNIVERSITY  OF  MICHIGAN 
H.H.  DOW  BUILDING 
ANN  ARBOR  Ml  48105-2137 


PROF.  ALAN  a  MACDIARMID 
DEPARTMENT  OF  CHEMISTRY 
UNIVERSITY  OF  PENNSYLVANIA 
CHEMISTRY  BUILDING 
PHILADELPHIA  PA  19104-6323 


DR  LON  J.  MATHIAS 
DEPARTMENT  OF  POLYMER  SCIENCE 
UNIVERSITY  OF  SOUTHERN  MISSISSIPPI 
HATTIESBURG  MS  39406-0076 


DR  ALON  MCCORMICK 
CHEMICAL  ENGINEERING  &  MATERIALS 
SQENCES  DEPARTMENT 
UNIVERSITY  OP  MINNESOTA 
MINNEAPOLIS.  MN  55455 


oa  JAMES  E.  MCQRATH 
OEPARTMENT  OF  CHEMISTRY 
VSMiMA  POLYTECHISC  INSTITUTE 
BLACK8BURQ,  VA  24061 


OR  GEORGE  MUSHRU8H 
DEPARTMENT  OF  CHEMISTRY 
GEORGE  MASON  UNIVERSITY 
FAIRFAX,  VA  22030 


PROF.  A.  NATAN80HN 
QUEENS  UNiVERSTTY 
KINGSTON  ONTARIO 
CANADA  K7L3N6 


DR  BRUCE  M.  NOVAK 
DEPARTMENT  OF  CHEMISTRY 
UNIVERSITY  OF  CAUFORNIA 
BERKELEY,  CA  94720 


OR  PETER  N.  PENTAURO 

DEPARTMENT  OF  ELECTRICAL  ENGINEERING 

TULANE  UNIVERSITY 

314  GBSON  HALL 

NEW  ORLEANS  LA  70118-5698 


DR  JAMES  A.  MOORE 
DEPARTMENT  OF  CHEMISTRY 
RENSSELAER  POLYTECHNIC  INSITTUTE 
TROY.  NY  12180-3590 


OR  MICHAEL  L  MYRICK 

DEPARTMENT  OF  CHEMISTRY  AND  BIOCHEMISTRY 
UNIVERSITY  OF  SOUTH  CAROLINA 
COLUMBIA  SC  29208 


DR  DOUGLAS  C.  NECKERS 
DEPARTMENT  OF  CHEMISTRY 
BOWLING  GREEN  UNIVERSITY 
BOWUNQ  GREEN,  OH  43403 


DR  CHRISTOPHER  K.  OBER 
MATERIALS  SCIENCE  &  ENGINEERING 
BARD  HALL.  CORNELL  UNIVERSITY 
ITHACA  NY  14853-1501 


DR  VIRGIL  PERCEC 

DEPARTMENT  OF  MACROMOLECULAR  SQENCES 
CASE  WESTERN  RESERVE  UNIV. 

CLEVELAND.  OH  44106-2699 


OaMCHAELF.RUBNER 

MATERIALS  SCIENCE  &  ENQINEERINQ 
WARTMENT 

MASSACHUSETTS  INST.  OF  TECH. 
CAMBRIOQE.MA  02139 


Oa  JERRY  I.  SCHEINBEIM 
DEPARTMENT  OF  MECHANICAL 
S  MATERIALS  SCIENCES 
RUTGERS  UNIVERSITY 
PISCATAWAY,  NJ  06854 


oa  a  SHASHK)HAR 

CENTER  FOR  BIQ/MOLECUIAR  SCIENCE  &  ENQ. 
NAVAL  RESEARCH  LABORATORY 
CODE  60900 

WASHINGTON  DC  20375-5320 


PROF.  SAMUEL  LSTUPP 

DEPT  OF  MATERIALS  SCIENCE  &  ENGINEERING 

UMVERSnV  OF  UJNOIS  AT  URBANA-CHAMPAIGN 

1304  WEST  GREEN  STREET 

URBAFM,  IL  61801 


oa  JAMES  M.  TOUR 
DEPARTMENT  OF  CHEMISTRY 
UMVERSfTY  OF  SOUTH  CAROUNA 
COLUMBIA,  SC  29208 


oa  JACOB  SCHAEFER 
DEPARTMENT  OF  CHEMISTRY 
WASHINGTON  UNIVERSITY 
ST.  LOUIS,  MO  63130 


oa  RICHARD  a  SCHROCK 
DEPARTMENT  OF  CHEMISTRY.  6-331 
MASSACHUSETTS  INSTITUTE  OF  TECHNOLOGY 
77  MASSACHUSETTS  AVENUE 
CAMBRIDGE.  MA  02139 


oa  ARTHUR  W.  SNOW 
CHEMISTRY  DIVISION 
NAVAL  RESEARCH  LABORATORY 
MATERIALS  CHEMISTRY  BRANCH 
CODE  6120 

WASHINGTON  DC  20375 


DR.  C.  S.  SUNG 

INSTITUTE  OF  MATERIALS  SOENCE 
UNIVERSITY  OF  CONNECTICUT 
STORRS.CT  06268 


PROF.  S.  K,  TRIPATHY 
DEPARTMENT  OF  CHEMISTRY 
UNIVERSITY  OF  LOWELL 
LOWELL,  MA  01854 


oa  OAVO  M.  WALBA 

09ARTMENT  OF  CHEMISTRY  &  BIOCHEMISTRY 
UMVeenV  OF  COLORADO 
BOULDER.  CO  80300 


OR  ROBERT  WEST 
09ARTMENT  OF  CHEMISTRY 
UMVERSTTY  OF  WISCONSIN-MADISON 
MADISONWI  53706 


OR.LUPINQYU 
OEPARTMEhfT  OF  CHEMISTRY 
THE  UNIVERSITY  OF  CHICAGO 
970  &  S8TH  STREET 
CHICAGO  IL  60637 


DR  C.  H.  WANG 
DEPARTMENT  OF  CHEMISTRY 
UNIVERSITY  OF  NEBRASKA 
UNCOLN,  NE  68588-0304 


OR  MICHAEL  E  WRIGHT 
DEPARTMENT  OF  CHEMISTRY 
UTAH  STATE  UNIVERSITY 
LOGAN.  UT  84322 


